Rationale: Patients with chronic obstructive pulmonary disease (COPD) have evidence of systemic inflammation that may be implicated in the development of comorbidities. Objectives: To test the hypothesis that elevated levels of three inflammatory biomarkers are associated with increased risk of comorbidities in COPD. Methods: We examined 8,656 patients with COPD from two large Danish population studies and during a median 5 years' follow-up recorded hospital admissions due to major comorbidities as endpoints.
AT A GLANCE COMMENTARY Scientific Knowledge on the Subject
Chronic obstructive pulmonary disease (COPD) is associated with an enhanced inflammatory response by the lungs to inhaled particles and gases, particularly cigarette smoke. Also, patients with COPD have increased levels of circulating cytokines, acute phase proteins, and inflammatory cells, indicating the presence of systemic inflammation. Such systemic inflammation may be implicated in the development of comorbidities in COPD.
What This Study Adds to the Field
We tested the hypothesis that elevated levels of three inflammatory biomarkers are associated with increased risk of comorbidities in COPD by examining 8,656 patients with COPD from two large Danish population studies. During a median 5 years' follow-up, we recorded hospital admissions due to major comorbidities as endpoints. We found that simultaneously elevated levels of CRP, fibrinogen, and leukocyte count are associated with a two-to fourfold risk of major comorbidities in COPD. These biomarkers may be an additional tool for clinicians to conduct stratified management of comorbidities in patients with COPD. more than 70,000 participants. During a median of 5 years' follow-up, we recorded hospital admissions and deaths due to ischemic heart disease, myocardial infarction, heart failure, diabetes, lung cancer, pneumonia, pulmonary embolism, hip fracture, and depression for use as endpoints. We examined combinations of the three biomarkers and stratified analyses according to grades of COPD defined in accordance with Global Initiative for Chronic Obstructive Lung Disease (GOLD) (1) . Finally, we calculated absolute 5-year risks and in addition retested the hypothesis using the lower limit of normal in the definition of COPD as a sensitivity analysis.
METHODS Participants
We studied age-stratified randomly selected white individuals from the Copenhagen City Heart Study and the Copenhagen General Population Study (13) (14) (15) , two similar studies recruiting individuals from the adult Danish general population; there was no overlap of participants between studies. Individuals were selected on the basis of the national Danish Civil Registration System to reflect the population aged 20 to 100 years. The studies were approved by Herlev Hospital and Danish ethical committees. Written informed consent was obtained from all participants. The participants were analyzed as one collective cohort to obtain maximal statistical power.
The Copenhagen City Heart Study is a prospective population study initiated in 1976. At each examination, participants filled out a questionnaire and had physical measurements taken. After excluding 475 individuals younger than 40 years with selfreported asthma, we had 69,525 individuals available for analyses in the two studies. Of these, 8,656 individuals had COPD, defined as a ratio between FEV 1 and FVC less than 0.7, and had all three biomarkers measured. Numbers of individuals included in analysis of each biomarker separately and in combination are seen in Table E1 in the online supplement.
Spirometry FEV 1 and FVC were determined without inhalation of a bronchodilator using a dry wedge spirometer (Vitalograph; Maids Moreton, Buckinghamshire, UK) in the Copenhagen City Heart Study and an EasyOne Spirometer (ndd Medizintechnik, Zurich, Switzerland) in the Copenhagen General Population Study. Reference values for FEV 1 and the lower limit of normal for FEV 1 /FVC (5th percentile of a frequency distribution) were internally derived for men and women separately in a subsample of healthy never smokers using linear and quantile regression with age and height as covariates. COPD was defined as FEV 1 /FVC less than 0.7 and was grouped according to GOLD (1): GOLD 1 to 2 with FEV 1 % predicted greater than or equal to 50% and GOLD 3 to 4 with FEV 1 % predicted less than 50%. For sensitivity analyses, COPD was defined as FEV 1 /FVC below the lower limit of normal.
Inflammatory Biomarkers
Plasma levels of high-sensitivity CRP, fibrinogen, and whole blood leukocyte count were measured using standard hospital assays at a central laboratory. The samples were analyzed in real time except for plasma levels of CRP in the 1991 to 1994 examination of the Copenhagen City Heart Study, which were measured on plasma frozen at 280 8 C for 12 to 15 years.
To test the hypothesis that elevated levels of these three biomarkers associate with increased risk of comorbidities in COPD, we defined clinically useful cut-points for each biomarker. Although categorization may lead to loss of information compared with using the biomarkers as a continuous variable, we used these cut-points because they are simple and clinically useful. CRP levels were categorized using two cut-points, 1 and 3 mg/L, that previously have been used by us and others in cardiovascular/pulmonary medicine (4, 7, 15) . We next defined equivalent cut-points for fibrinogen and leukocyte count: 9 and 14 mmol/L for fibrinogen and 6 and 9 3 10 9 /L for leukocyte count, so that the numbers in each of the low groups for each biomarker were roughly the same. In the combined analyses, levels of CRP, fibrinogen, and leukocyte count were defined as high or low according to cut-points of 3 mg/L for CRP, 14 mmol/L for fibrinogen, and 9 3 10 9 /L for leukocyte count. If the three biomarkers were divided into tertiles or quintiles, results were largely similar to those presented. Leukocyte count was not determined in the 1991 to 1994 examination of the Copenhagen City Heart Study, explaining the lower number of individuals included in these analyses.
On a subset of individuals (n ¼ 430) from the Copenhagen City Heart Study 1991 to 1994 and 2001 to 2003 examinations, we had replicate measurements of CRP and fibrinogen. The stability of these biomarkers over this 10-year period is shown in Figure E1 . Due to combined effects of measurement errors, long-term fluctuations, and changes within persons, these values tend to attenuate toward the actual mean over time, and this may underestimate true associations (16) . Risk estimates can be corrected for this regression dilution bias when examining biomarkers separately. However, it is not possible to apply this correction when biomarkers are analyzed in combination, and we have therefore not corrected for this in the presented analyses.
Endpoints
Information on diagnosis of ischemic heart disease, myocardial infarction, heart failure, type II diabetes, lung cancer, pneumonia, pulmonary embolism, hip fracture, and depression was collected by reviewing all hospital admissions and diagnoses entered in the national Danish Patient Registry, the national Danish Cancer Registry, and the national Danish Causes of Death Registry. Records include admission and/or death date and diagnoses according to the World Health Organization International Classification of Diseases (ICD8 or ICD10). All individuals with records of ischemic heart disease (ICD8: 410-414; ICD10: I20-I25), myocardial infarction (ICD8: 410; ICD10: I21-I22), heart failure (ICD8: 427.09-427.11; ICD10: I50), type II diabetes (ICD8: 250; ICD10: E11, E13, E14), lung cancer (ICD10: C34), pneumonia (ICD8: 480-486; ICD10: J12-J18), pulmonary embolism (ICD8: 450.99, 673.99; ICD10: I26.0, I26.9, O88.2), hip fracture (ICD8: 820; ICD10: S720-S722), and depression (ICD8: 296.0, 296.2, 298.0, 300.4; ICD10: F32-F33) from study entry to end of follow-up in May 2011 were considered as having an event. If an individual had multiple records of one endpoint, the first occurrence was considered the event. The data obtained from the national Danish Causes of Death Registry report death from all comorbidities; the National Danish Cancer Registry describes death/hospitalization from cancer comorbidities. However, data from the Danish Patient Registry combine hospitalization from or with comorbidities.
Covariates
Participants were categorized as current smokers, former smokers, or never smokers. Cumulative tobacco consumption was calculated in pack-years, defined as 20 cigarettes/d/yr or equivalent. Body mass index was calculated as measured weight (kilograms) divided by measured height squared (meters squared). Hypertension was self-reported use of antihypertensive medication. Plasma levels of total cholesterol, triglycerides, and high-density lipoprotein cholesterol were measured using standard hospital assays. A COPD exacerbation was defined as hospitalization from COPD (ICD8: 490-492; ICD10: J44) and/or respiratory failure (ICD10: J96) in patients with COPD. Exacerbation rate per year was number of exacerbations for each individual divided by years of follow-up.
Statistical Analysis
Statistical analyses were performed using STATA/SE version 11.1. We used a Cox proportional hazards regression model with age as time scale to estimate hazard ratios with 95% confidence intervals (CIs). The proportional hazard assumption was judged by visual inspection of cumulative hazard logarithm plots against age; no major violations were observed. For each endpoint, individuals with events before study entry were excluded. Models were adjusted either for age, sex, smoking status, and cumulative tobacco consumption or multifactorially for age, sex, smoking status, cumulative tobacco consumption, body mass index, hypertension, cholesterol, triglycerides, and high-density lipoprotein cholesterol. The first model was included to avoid overadjustment of estimates for endpoints such as lung cancer and pneumonia, where conventional cardiovascular risk factors included in the multifactorially adjusted model may be of limited importance. Continuous covariates were grouped into deciles before analyses. For test for trend of risk estimates, groups based on increasing levels of CRP, fibrinogen, and/or leukocyte count were coded 1, 2, 3, etc. Absolute 5-year risk by groups of the three biomarkers was estimated using the regression coefficients from a Poisson regression model (17) .
Numbers of individuals with missing values for covariates are seen in Table E2 . For continuous covariates, missing values were imputed using linear regression analysis with age and sex as predictors. If analyses were limited to individuals without missing values, results were similar to those presented.
RESULTS
Baseline characteristics of the 8,656 participants with COPD identified by FEV 1 /FVC less than 0.7 with measurements of all three biomarkers are shown in Table 1 . As expected, individuals with GOLD 3 to 4 were older, more likely to be male and current smokers, had higher cumulative tobacco consumption, and had higher levels of inflammatory biomarkers than individuals with GOLD 1 to 2. Defining COPD by FEV 1 /FVC below the lower limit of normal identified 6,555 individuals, who were younger, more likely to be current smokers, and had lower FEV 1 % predicted than individuals identified by FEV 1 /FVC less than 0.7 (Table E3) . During a median of 5 years' follow-up of the 8,656 participants with COPD, 368 individuals were diagnosed with ischemic heart disease, 179 with myocardial infarction, 292 with heart failure, 143 with type II diabetes, 93 with lung cancer, 657 with pneumonia, 92 with pulmonary embolism, 141 with hip fracture, and 84 with depression. Number of individuals with diagnosed comorbidities before study entry is seen in Table 2 . Characteristics of participants according to groups of CRP, fibrinogen, and leukocyte count are shown in Tables E4 to E6 .
One Inflammatory Biomarker
Risk of ischemic heart disease, myocardial infarction, heart failure, type II diabetes, lung cancer, and pneumonia was increased by factors of 1.69 to 1.94 in individuals with CRP greater than 3 mg/L versus individuals with CRP less than 1 mg/L in multifactorially adjusted models (P for trend < 0.006) ( Figure E2 ). There were no differences in risk of pulmonary embolism, hip fracture, and depression by levels of CRP (P for trend, 0.09-0.86). Slightly different results were seen for fibrinogen and leukocyte count (Figures E3 and E4 ).
Three Inflammatory Biomarkers
To see whether high levels of three biomarkers in combination aided in identifying individuals at increased risk of comorbidities, we divided individuals into groups according to combinations of CRP, fibrinogen, and leukocyte count. Risk of ischemic heart disease was 2.19 (95% CI, 1.48-3.23) in individuals with three biomarkers elevated (CRP . 3 mg/L, fibrinogen . 14 mmol/L, and leukocyte count . 9 3 10 9 /L) compared with individuals with all three biomarkers at or below these limits in multifactorially adjusted models (Figure 1 ). Corresponding hazard ratios were 2.32 (1.34-4.04) for myocardial infarction, 2.63 (1.71-4.04) for heart failure, 3.54 (2.03-6.19) for diabetes, 4.00 (2.12-7.54) for lung cancer, and 2.71 (2.03-3.63) for pneumonia (P for trend < 0.002). There were no overall differences in risk of pulmonary embolism, hip fracture, and depression by combinations of the three biomarkers (P for trend, 0.17-0.75); however, risk of hip fracture was 2.14 (1.19-3.85) in those with three high biomarkers versus individuals with three low biomarkers. For each endpoint, individuals with an event before study entry were excluded. If individuals with an event in the first year of follow-up were excluded, results were similar to those presented Figure 1 . Risk of ischemic heart disease, myocardial infarction, heart failure, type II diabetes, lung cancer, pneumonia, pulmonary embolism, hip fracture, and depression according to levels of three inflammatory biomarkers in individuals from the general population with chronic obstructive pulmonary disease. Plasma C-reactive protein and fibrinogen and blood leukocyte count were defined as high or low according to cut-points of 3 mg/L, 14 mmol/L, and 9 3 10 9 /L, respectively. Hazard ratios (HRs) were adjusted either for age, sex, smoking status, and cumulative tobacco consumption or multifactorially for age, sex, smoking status, cumulative tobacco consumption, body mass index, hypertension, cholesterol, triglycerides, and highdensity lipoprotein cholesterol. Individuals with events before study entry were excluded for each endpoint, explaining the difference in number of participants. CI ¼ confidence interval.
( Figure E5 ). Also, exclusion of individuals with a record of any of the nine endpoints before study entry (n ¼ 1,898) did not change main results ( Figure E6 ).
Individuals with three high biomarkers had increased rates of severe exacerbations per year during follow-up compared with individuals with three low biomarkers (Table E7 ). If we excluded individuals with exacerbations in the year before date of examination (data not shown), or adjusted for exacerbation rate during follow-up, results were similar to those presented ( Figure E7) .
In stratified analyses, risk estimates for ischemic heart disease, myocardial infarction, heart failure, type II diabetes, and pneumonia in individuals with GOLD 1 to 2 remained statistically significantly increased and were similar to those presented in Figure 1  (Figure 2) . A similar trend was observed for ischemic heart disease, myocardial infarction, heart failure, type II diabetes, and pneumonia in individuals with GOLD 3 to 4; however, not all risk estimates were statistically significant, and confidence intervals were wider due to the reduced statistical power. For lung cancer, risk was increased a factor of 5.76 (95% CI, 2.76-12.02), whereas there were no significant differences in GOLD 3 to 4.
In sensitivity analyses using FEV 1 /FVC below the lower limit of normal as COPD definition, risk estimates were similar to those presented in Figure 1 (Figure E8 ). Also, stratifying for smoking status showed similar results ( Figure E9 ).
Absolute Risk
There was a stepwise increase in the absolute 5-year risk of ischemic heart disease, myocardial infarction, heart failure, type II diabetes, lung cancer, and pneumonia across groups of the three biomarkers combined in never smokers, formers smokers, and current smokers (Figure 3) . In former smokers, the absolute 5-year risk for ischemic heart disease was 14% in individuals with three high biomarkers and 5% for individuals with three low biomarkers. Corresponding numbers were 7% and 2% for myocardial infarction, 11% and 4% for heart failure, 8% and 1% for type II diabetes, 5% and 1% for lung cancer, and 21% and 8% for pneumonia. In current smokers, numbers were similar but attenuated for all endpoints except lung cancer, where the absolute 5-year risk was 7% in individuals with three high biomarkers and 2% for individuals with three low biomarkers. Similar results were seen across age groups and body mass index categories ( Figures E10 and E11) .
DISCUSSION
This study examined baseline measurements of CRP, fibrinogen, and leukocyte count in 8,656 individuals with COPD from two large population studies. We found that increased levels of these three inflammatory biomarkers in combination were associated Figure 2 . Risk of ischemic heart disease, myocardial infarction, heart failure, type II diabetes, lung cancer, and pneumonia according to levels of three inflammatory biomarkers in individuals from the general population with chronic obstructive pulmonary disease, by stages defined in accordance with Global Initiative for Chronic Obstructive Lung Disease (GOLD). Plasma C-reactive protein and fibrinogen and blood leukocyte count were defined as high or low according to cut-points of 3 mg/L, 14 mmol/L, and 9 3 10 9 /L, respectively. Hazard ratios (HRs) were adjusted multifactorially for age, sex, smoking status, cumulative tobacco consumption, body mass index, hypertension, cholesterol, triglycerides, and highdensity lipoprotein cholesterol. Individuals with events before study entry were excluded for each endpoint, explaining the difference in number of participants. GOLD 1 to 2 was FEV 1 % predicted > 50%; GOLD 3 to 4 was FEV 1 % predicted , 50%. CI ¼ confidence interval.
with increased risk of ischemic heart disease, myocardial infarction, heart failure, type II diabetes, lung cancer, and pneumonia in individuals with COPD. Risk estimates were largely independent of smoking and ranged from a 2.2-fold increased risk of ischemic heart disease to a 4.0-fold increased risk of lung cancer when comparing individuals with three high biomarkers versus low values of these three biomarkers. These findings are novel.
The association between COPD and its comorbidities may be caused by common risk factors, such as smoking. However, studies taking smoking and similar factors into account still find a robust association (18) . Several studies have suggested that common inflammatory pathways might be the link between COPD and its comorbidities (6, 18, 19) , although the exact biological mechanisms remain unclear. In support of this hypothesis, studies from the non-COPD population show that high levels of CRP associate with increased risk of ischemic heart disease (15), cancer (20) , and depression (21) . However, it seems that for some diseases (e.g., depression) associations apparent in the non-COPD population cannot be reproduced in our COPD population. One explanation could be that the state of low-grade inflammation in patients with COPD due to pulmonary manifestations alone masks the associations otherwise found in healthy individuals. In any case, markers of systemic inflammation seem to be valuable in identifying patients with COPD at increased risk of cardiovascular disease, type II diabetes, lung cancer, and pneumonia, as seen in our study.
We found similar associations according to GOLD grades for all endpoints except lung cancer, suggesting that findings are independent of lung function. In line with this, a recent study found that persistent systemic inflammation in patients with COPD associate with increased all-cause mortality and exacerbation frequency compared with noninflamed patients despite similar lung function impairment in the two groups (22) . The lack of significant association for lung cancer in GOLD 3 to 4 and the wider confidence intervals in general in GOLD 3 to 4 are most likely due to lower power. Also, frequent exacerbations, infections, and medication in these individuals (23) may affect levels of inflammatory biomarkers (6, 24) ; thus, associations apparent in GOLD 1 to 2 may not be seen in GOLD 3 to 4 due to much lower number of individuals in the latter subgroup. Elevated levels of CRP have previously been associated with increased risk of pulmonary embolism, hip fracture, and depression in general population studies (21, (25) (26) (27) ), but we were not able to find these associations in our COPD cohort. One explanation could be that the degree of systemic inflammation in COPD blurs these associations or that inflammation perhaps plays a limited role in the pathophysiology for these diseases.
Some limitations of our study must be considered in evaluating our results. Despite including several important potential confounders in the Cox regression model, such as cumulative tobacco consumption and smoking status, we cannot exclude that our results might be influenced by residual confounding. Another limitation is that we only had prebronchodilator measurements available. Also, recruitment of patients with COPD from the general population could lead to selection bias due to possible overrepresentation of relatively healthy patients with COPD, but this would tend to draw the results in a direction toward the null hypothesis and cannot explain our positive results. Another limitation is that our results have not been validated externally. Absolute 5-year risk of ischemic heart disease, myocardial infarction, heart failure, type II diabetes, lung cancer, and pneumonia in percentage, by levels of three inflammatory biomarkers and smoking status. Plasma C-reactive protein and fibrinogen, and blood leukocyte count were defined as high or low according to cut-points of 3 mg/L, 14 mmol/L, and 9 3 10 9 /L, respectively. Also, we were not able to correct for regression dilution bias, since this correction is based on examining biomarkers separately (16) ; however, lack of such correction will only tend to underestimate real risk associations. We have not corrected P values for multiple comparisons, but all major findings remained statistically significant if results were Bonferroni corrected for the tests performed on the nine parallel endpoints.
Comorbidities contribute to poor health outcome in COPD, with cardiovascular disease and lung cancer being leading causes of morbidity and mortality in patients with COPD (12, (28) (29) (30) . Thus, early detection and treatment of comorbidities will have beneficial effects on the clinical course of individuals with COPD. However, due to an extensive overlap of symptoms (e.g., with dyspnea in heart failure and weight loss in lung cancer), it may be difficult to distinguish between symptoms related to comorbidities from those related to COPD itself. Therefore, measurements of CRP, fibrinogen, and leukocyte count in patients with COPD may, in addition to the usual clinical examination and assessment of traditional risk factors, help select individuals with increased risk and need of additional diagnostic evaluation. This is especially relevant for cardiovascular disease and type II diabetes, where prophylactic approaches are feasible and effective, and for lung cancer, where early detection by computed tomography screening will improve prognosis (31).
In conclusion, simultaneously elevated levels of CRP, fibrinogen, and leukocyte count are associated with a two-to fourfold risk of major comorbidities in COPD. These biomarkers may be an additional tool for clinicians to conduct stratified management of comorbidities in patients with COPD.
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